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ABSTRACT 23
Through the continuous growth of their carbonate skeletons, corals record invaluable information 24 about past environmental conditions and their effect on colony fitness. Here, we characterize 25 century-scale growth records of inner and outer reef corals across ~200 km of the Florida Keys 26
Reef Tract (FKRT) using skeletal cores extracted from two ubiquitous reef-building species, 27
Siderastrea siderea and Pseudodiploria strigosa. We find that corals across the FKRT have 28 sustained extension and calcification rates over the past century but have experienced a long-term 29 reduction in skeletal density, regardless of reef zone. Notably, P. strigosa colonies exhibit 30 temporary reef zone-dependent reductions in extension rate corresponding to two known extreme 31 temperature events in 1969-70 and 1997-98. We propose that the subtropical climate of the FKRT 32 may buffer corals from chronic growth declines associated with climate warming, though the 33 significant reduction in skeletal density may indicate underlying vulnerability to present and future 34 trends in ocean acidification. 35
INTRODUCTION 36
As the most thoroughly monitored coral reef ecosystem in the wider Caribbean, the Florida 37 Keys Reef Tract (FKRT) has unfortunately become a paradigm for the severe decline of coral reefs 38 across the region throughout the last four decades. Following the near extirpation of acroporids in 39 the 1970s and 1980s, a further decline in stony coral cover on the order of 40% since 1996 has 40 driven an ecological shift on the FKRT towards greater dominance of octocorals, macroalgae and 41 sponges (Miller, Bourque, & Bohnsack, 2002 ; Ruzicka et al., 2013; Somerfield et al., 2008) . This 42 deterioration of the stony coral community has been attributed primarily to chronically warming 43 waters (Causey, 2001; Manzello, 2015) , acute high and low temperature stress events (Colella, Yet, sustained reductions in coral cover have been unevenly skewed towards outer reef 47 environments, highlighting a unique cross-shelf distinction on the FKRT (Ruzicka et al., 2013) . 48
Inner patch reefs along the seaward boundary of Hawk Channel, a 10 m deep channel running 2-49 3 km offshore of the Florida Keys archipelago, maintain 15-17% stony coral cover despite their 50 proximity to the highly variable water conditions associated with Florida Bay (Ruzicka et al., 51 2013) . By comparison, outer reef sites, which are bank-barrier reefs located 8-9 km offshore along 52 the edge of the shelf predominantly immersed in the clear waters of the Florida Current, have been 53 reduced to ≤5% coral cover and continue to experience significant mortality of important reef-54 building coral species (Ruzicka et al., 2013) . 55
Depending on geographic context, two competing theories are often proposed to explain 56 differences in ecology and resilience of corals at inner versus outer reef sites. In some cases, 57 observations of higher coral cover (Lirman & Fong, 2007 ; Thomson & Frisch, 2010) , greater 58
Florida Keys relative to a nearby outer reef site . These findings support the 82 premise that there may be a physiological growth advantage for corals living in inner reef 83 environments of the FKRT. 84
Notably, no sclerochronology studies on the FKRT thus far have found significant long-85 term trends in extension or calcification rates, which deviates from reports on other reef systems. 86
In the Pacific, Andaman Sea and Red Sea, for example, calcification rates of Porites spp. and 87
Diploastrea heliopora have declined alongside rising ocean temperatures over the past three 88 decades (Cooper et al., 2008 Pseudodiploria strigosa; although, the trend in this case varied based on proximity to shore and 92 the spatial scale of investigation (Baumann et al., 2018; Castillo et al., 2012) . Along a single inner-93 outer reef transect on the southern MBRS, forereef colonies of S. siderea were found to exhibit a 94 long-term decline in extension rates, while those from nearshore and backreef environments 95 maintained stable growth trajectories (Castillo et al., 2011; Castillo et al., 2012) . The authors 96 suggest that this trend may arise due to local water quality dynamics or due to lower resilience of 97 forereef corals to rising ocean temperatures. Future investigation, however, conducted at the scale 98 of the entire reef system, revealed a contrasting pattern in which declining extension rates were 99 observed only for colonies of S. siderea and P. strigosa at nearshore sites, but not for colonies 100 farther from shore (Baumann et al., 2018) . Such complexity of coral growth trajectories throughout 101 the Belize MBRS reflects the delicate balance between the historical advantage of residing in a 102 variable nearshore environment and the deteriorating conditions associated with terrestrial runoff 103 and continual ocean warming. 104
Here, we assess growth trajectories of two abundant and ubiquitous Caribbean reef-105 building coral species (Siderastrea siderea and Pseudodiploria strigosa) from four inner-outer reef 106 transects spanning ~200 km of the FKRT. Comparing long-and short-term patterns in extension, 107 density and calcification, we demonstrate that these two coral species have largely sustained 108 extension and calcification rates throughout the FKRT, but have experienced a chronic reduction 109 in skeletal density over the past century. These results suggest that a subtropical climate may buffer 110 corals on the FKRT from warming-induced declines in extension and calcification rates, as is 111 observed in other reef systems, but we propose that declining density may indicate underlying 112 vulnerability to changing carbonate chemistry on the FKRT. 113
114

MATERIALS & METHODS 115
Study design 116
In May 2015 and 2016, skeletal cores were collected from colonies of the reef-building 117 corals, Siderastrea siderea and Pseudodiploria strigosa, from four pairs of inner-outer reef sites 118 spanning the Florida Keys Reef Tract (Fig. 1 ). From south to north, inner reef sites include 119 W Washerwoman (WW), Cheeca Rocks (CR), Basin Hill Shoals (BH) and Bache Shoals (BS). 120
Outer reef sites include E Sambo (ES), Alligator Reef (AR), Carysfort Reef (CF) and Fowey Rocks 121 (FR). In total, 39 S. siderea cores and 31 P. strigosa cores were collected from 3 to 5 m depth. 122
Cores were extracted using a CS Unitec Model 2 1335 0010 hydraulic drill affixed with hollow 123 extension rods and a 5 cm diameter wet diamond core bit. At each of the eight sites, five healthy 124 colonies of each species were selected randomly for coring. In some cases, less than five colonies 125 of S. siderea and P. strigosa were collected, either because the dive team was unable to locate five 126 colonies of sufficient size at certain sites or because coring efforts were halted due to inclement 127 weather. Notably, large colonies of P. strigosa were relatively rare at the four outer reef sites, 128 whereas colonies of S. siderea were ubiquitous across the entire reef tract (Table 1) . 129
Cores were extracted from the vertical growth axis of each colony and were at maximum 130 0.7 m in length, encompassing up to 137 and 89 years of growth for S. siderea and P. strigosa, 131 respectively. After extraction, a concrete plug was inserted and secured in the drilled hole with Z-132 Spar® underwater epoxy to protect the colony from erosion and further physical damage. The To assess coral skeletal growth histories, all cores were scanned using X-ray computed 139 tomography (CT) on a Siemens Biograph CT scanner at the Biomedical Research Imaging Center, 140
University of North Carolina at Chapel Hill. Coral cores were oriented lengthwise in rows of 4 to 141 5 on the scanning table, and equipment parameters were set to 120 kV, 250 mAs and 0.6 mm slice 142 thickness with images reconstructed at 0.1 mm increments using the H70h "Very Sharp Spine" 143 window. All images were exported from the scanner as DICOM files, which were then 3-144 dimensionally reconstructed using the open-access Horos v2.0.2 medical image viewing software. 145 High-and low-density bands were visualized using a 10-mm thick 'Mean' projection oriented as 146 a rectangular prism through the center of each core (Supp. Fig. S4 ). 147
All boundaries between semiannual density bands were delineated manually and three sets 148 of linear transects were drawn down the length of the cores using the Region of Interest (ROI) tool 149 in Horos (Supp. Fig. S4 ). Each set of transects was drawn within the exothecal space between 150 corallite walls in order to standardize density measurements and to avoid aberrant density spikes 151 in areas where the transect may otherwise have crossed a high-density corallite wall. Density and 152 calcification measurements are therefore lower than would be expected if all features of the skeletal 153 architecture were taken into account. Importantly, it has been shown that individual colonies may 154 vary in their timing of high-and low-density band deposition due to intraspecific differences in 155 tissue thickness and morphology as a coarse representation of colony size, the physical length of each core sample was also 175 measured and averaged within sites (Table 1) . 176
Colony-scale variability in annual extension, density and calcification was evaluated using 177 complementary methods, first via coefficients of variation (CV) and then by testing for 178 significance of spatial autocorrelation in the most recent 30 years of growth . We 179 employ a 30-year threshold in order to compare sufficiently long-term chronologies while also 180 retaining a large majority of sampled cores (58 of 67 samples). All cores shorter than 30 years 181 were not included in this analysis. CV provides a relative measure of variation irrespective of the 182 mean, calculated as the ratio of the standard deviation to the mean ( = * 100%). 183
Interannual CV was quantified for each sampled colony ( Fig. 2A ). Spatial autocorrelation was 184 evaluated using a permutation-based Mantel test (n=1000), and the resulting correlogram was 185 fitted with a non-parametric correlation spline and 95% confidence interval determined by 186 bootstrapping (n=1000; Fig. 2B ; Supp. Fig. S3 ). The Mantel test was conducted using an increment 187 of 10 km to create 13 uniformly spaced pairwise distance classes. Analyses of spatial 188 autocorrelation were performed in the ncf package in R (Bjornstad, 2009 ; R Core Team, 2017). 189
General differences in patterns of coral growth between inner and outer reef zones were 190 assessed preliminarily using the concept of object-oriented data analysis, which treats each coral 191 growth chronology as a data object, or essentially as one data point (see An this space which best separates the two classes of corals (inner and outer reef) was then computed 197 using a method known as Distance Weighted Discrimination (DWD) (Marron, Todd, & Ahn, 198 2007 ). Since the data exists in such high dimension, we expect there to be a direction in ℝ -. which 199 separates the two classes almost perfectly regardless of whether a difference actually exists. To 200 remedy this, we conducted a Direction-Projection-Permutation (DiProPerm) statistical test (Wei, 201 Lee, Wichers, & Marron, 2016) to evaluate whether the vector separating the two groups appears 202 to be better than one would expect solely due to the high dimensionality of the data. The test is 203 conducted by randomly relabeling the class of each core sample (inner and outer reef) and refitting 204 the DWD direction 1,000 times. A p-value is then calculated as the percentage of iterations that 205 are separated better than the DWD direction of the original data. 206
Lastly, temporal trends in growth were assessed in two steps, first using linear mixed effect 207 (LME) modelling, generally following the statistical protocol of Castillo incorporating an adaptive smoothing spline of Year as a fixed effect predictor and Core as a 220 random effect. Adaptive smoothing allows the degree of smoothing to vary with the covariates to 221 be smoothed and is therefore well suited to capture rapid fluctuations in growth. The smoothing 222 basis (k = 25) was selected following the protocol recommended by Wood (2017), whereby k was 223 increased progressively (k = 5, 10, 15, 20, 25) until the effective degrees of freedom stabilized at 224 a value sufficiently lower than k -1. Once the models were fitted to the data, time intervals of 225 significant change were computed using the first derivative of the fitted trend spline, following the 226 methods of Bennion, Simpson, and Goldsmith (2015) . In short, a finite differences approximation 227 of the first derivative is calculated at fixed time points along the model prediction with an 228 associated 95% confidence interval. Where the confidence interval of the derivative curve excludes 229 0 (i.e., zero slope), we conclude that significant change in growth is observed at that time point. 
Mean growth and variability within sites 282
To compare baseline growth parameters between all sampling sites, we calculated site-283 wide mean rates of extension, density and calcification for each species (Table 1) . On average, 284 considerably between sites with no discernible pattern for P. strigosa. Mean calcification of 295 P. strigosa was greatest at Fowey Rocks (0.637 ± 0.034) and lowest at W Washerwoman (0.461 ± 296 0.019). 297
Annual extension and calcification rates were found to vary substantially within and 298 between all sampled colonies, regardless of their geographic proximity. Average interannual 299 coefficients of variation (CV) in extension for each core were 20.5% (10.7 -33.0%) and 18.0% 300 (9.8 -33.9%) for S. siderea and P. strigosa, and in calcification were 20.1% (11.6 -35.0%) and 301 18.6% (11.1 -29.7%) for S. siderea and P. strigosa, respectively. By comparison, interannual 302 variability in density was considerably lower, with an average CV of 6.8% (3.2 -17.1%) and 303 12.1% (5.1 -20.2%) for S. siderea and P. strigosa, respectively (Fig. 4A) . Additionally, spatial 304 autocorrelation between standardized annual extension, density and calcification of both species 305 was assessed for the most recent 30 years of data (i.e., 1985-2014). Between the three growth 306 parameters, none of the Mantel r statistics calculated for each of 13 uniformly spaced distance 307 classes spanning the FKRT were found to be significant after Bonferroni correction, suggesting no 308 evidence of spatial correlation between nearby colonies ( Fig. 4B; Supp. Fig. S3 ). 309
310
DISCUSSION 311
This study reveals that the contrasting trends in coral cover and resilience previously 312 observed between inner and outer reefs of the Florida Keys Reef Tract (FKRT) do not translate to 313 clear reef zone differences in long-term growth for Siderastrea siderea and Pseudodiploria 314 strigosa at the scale of the entire FKRT system. Rather, linear modelling indicates that long-term 315 trends of all growth parameters are virtually indistinguishable between inner and outer reef 316 colonies. Multi-dimensional DWD and DiProPerm analyses corroborate this result, offering no 317 Table 1 
. Summary of growth parameters for Siderastrea siderea (top) and Pseudodiploria strigosa (bottom).
Site-wide averages of colony size (estimated by core length), annual extension rate, density and calcification rate (±SE). evidence that annual growth differs significantly between reef zones in the most recent 30 years 318 ( Fig. 2B-C) . 319
The long-term growth trends observed here largely reflect those previously reported for 320
Orbicella faveolata from the Upper Keys, with extension and calcification remaining stable and 321 density declining significantly over time ( Fig. 2A; (Helmle et al., 2011) . However, the lack of reef 322 zone differences contradicts previous observations from the Belize Florida Bay is a wide, shallow embayment extending south from the mainland peninsula of Florida 368 and west behind the shelter of the Florida Keys (Fig. 1) . Bay waters are subjected to extreme 369 seasonal fluctuations in temperature and salinity, as well as elevated suspended sediment and 370 nutrient concentrations associated with freshwater outflow from the Everglades ecosystem (Boyer, 371 Fourqurean, & Jones, 1999). Regional circulation models show consistent tidal exchange and long-372 term net transport of water from Florida Bay into Hawk Channel through tidal passes primarily in 373 the Middle Keys (Smith & Lee, 2003) . Under average weather conditions, this water exchange has 374 a relatively marginal impact on reefs beyond the boundary of the Middle Keys (Szmant & 375 Forrester, 1996) . However, during severe winter cold fronts that draw polar air masses across the 376 region, pulses of bay water can reach surrounding inner reef areas of the Upper Keys and, in some 377 cases, cause catastrophic mortality in the reef community (Colella et al., 2012; Kemp et al., 2011; 378 Lirman et al., 2011) . 379
The coral growth records presented here indicate that two particular extreme temperature 380 events induced short-term reductions in extension rates of P. strigosa at the scale of entire reef 381 zones (Fig. 3B ). The first instance was a cold-water bleaching event in 1969-70, which reportedly 382 caused 80-90% coral mortality at Hens and Chickens Reef, an inner patch reef in the Upper Keys 383 (Hudson et al., 1976 ). Long-term growth trends indicate the impact of this event spanned inner 384 reef sites across the FKRT, causing a significant drop in the extension rate of P. strigosa colonies 385 at these sites. A similar growth response is observed in association with the severe 1997-98 warm-386 water bleaching event, during which extension rates of P. strigosa colonies at outer reef sites were 387 significantly depressed. This pattern suggests that, although extensive bleaching was reported 388 throughout the FKRT in 1997-98, outer reef areas were particularly impacted by this event, 389 echoing the continued decline of stony coral communities on the outer reef since 1998 (Ruzicka 390 et al., 2013) . Some have shown that higher turbidity associated with inner reef areas acts to 391 attenuate UV radiation through the water column, thereby reducing coral susceptibility to at the reef zone scale suggests that the impact of these events may not have been as widespread or 401 as severe as the 1969-70 or 1997-98 events. Alternatively, inherent spatial variation in bleaching 402 susceptibility and impact may hinder reliable correlation of acute stress events with long term 403 growth records. However, as extreme temperature anomalies become more frequent on the FKRT 404 (Manzello, 2015) , repeated exposure to these thermal stress events may begin to push conditions 405 beyond their thermal optima and lead to future reductions in coral extension rates. 406
The long-term decline in skeletal density observed for both species throughout the FKRT 407 highlights the complexity of the coral growth response to the impacts of climate change. Together, 408 skeletal density and extension control the rate of calcification, or the annual amount of skeleton 409 accreted by the coral, which is important in determining whether coral reefs are in a state of net 410 framework construction or erosion (Eyre et al., 2018) . Small changes to reef-wide calcification 411 budgets can have direct implications on habitat function and viability; however, growing evidence 412 indicates that density and extension are affected independently by different parameters of 413 environmental change. 414
Early research revealed variations in density based on hydraulic energy of the reef setting, 415 such that denser skeletons strengthened coral colonies exposed to higher wave activity (Scoffin, 416 Tudhope, Brown, Chansang, & Cheeney, 1992). Reduced skeletal density has also been attributed 417 to elevated nutrients and poor water quality associated with heavy influence from nearby Edinger et al., 2000) . Accordingly, we find that average density of both species is significantly 420 lower at inner reef sites at all but one of the cross-shore transects across the FKRT (Table 1) , 421 implying that these factors may limit baseline coral density. However, we have no reason to believe 422 that hydraulic energy on the FKRT has increased significantly over the past century, and in fact, 423 water quality has improved throughout the FKRT since 1995 (reduced turbidity and organic 424 carbon) (Briceño & Boyer, 2014) , which should stimulate an increase in skeletal density through 425 time. 426
Rather, we hypothesize that the long-term reduction in coral density may reflect changing Prolonged nutrient enrichment has been shown to depress coral calcification and therefore may 455 hinder recovery from thermal stress (Koop et al., 2001; Marubini & Davies, 1996) . Similarly, the 456 extension rate of S. siderea colonies at UK3 and calcification rate of P. strigosa colonies at UK2 457 have been declining significantly since 2001 and 1985, respectively. These patterns suggest 458 species-specific responses to deteriorating conditions at these locations. Daily temperature range 459 has been shown to vary significantly along the FKRT and has been correlated with reductions in 460 growth rate between alongshore transplants of Porites astreoides in the upper Florida Keys 461 (Kenkel, Almanza, & Matz, 2015) . Additionally, spatial heterogeneity in dissolved nutrient or 462 suspended sediment concentrations associated with outflow from Florida Bay may drive 463 alongshore variation in growth trends. 464
Site-wide averages of growth parameters reveal that the baseline calcification rate for 465 P. strigosa is greatest at the northernmost outer reef site (i.e., Fowey Rocks); however, the sampled 466 colonies at this site were the smallest in size (Table 1) . During the course of sampling, the dive 467 team encountered numerous larger, older colonies of P. strigosa (100+ years) throughout the 468 sampling site, but all had experienced recent mortality and were virtually extirpated, presumably 469 during the 2014-2015 bleaching event (pers. obs.). We hypothesize that the colonies which were 470 able to survive this event may be especially well adapted and productive in their environment, and 471 are therefore able to maintain comparably high calcification rates. 472
This finding, however, highlights a critical implication regarding the use of coral cover 473 versus growth rates as indices of overall reef health. Because only living colonies were sampled 474 for this analysis, the growth trends reported here represent only those individuals that have 475 survived the major mortality events occurring over the past several decades and are therefore 476 distinctly resilient to environmental change. Additionally, in comparison to other species, it is 477 important to note that S. siderea is particularly robust to thermal stress, allowing the species to 478 persist ubiquitously throughout the Caribbean basin and as far north as Onslow Bay, North 479 Carolina (34.5°N) (Macintyre & Pilkey, 1969) . Its resilience to both cold-and warm-water stress 480 has allowed it to become one of the most abundant species on the FKRT (Florida Fish and Wildlife 481 Conservation Commission, 2016) and explains why the bleaching-associated growth rate 482 reductions observed in P. strigosa are not reflected for S. siderea. Consequently, coral growth 483 trends do not reflect the health of the entire coral reef community. Subtler environmental changes 484 that may have significant consequences for more susceptible individuals or species might not be 485 fully captured in the skeletal growth records of the those sampled for this study. 486
Likewise, the high variation in annual growth rates and general lack of coherence between 487 individual colonies of the same species, even those from the same site, may further obscure any 488 subtle growth perturbations. For example, there are numerous instances in which one or more 489 colonies exhibit a spike in growth in the same year that others from the same site exhibit significant 490 growth reductions. This variation at the colony level may be due to genotypic differences that 491 result in differential responses to a similar environment. For example, a genetic crossing 492 experiment performed with Acropora millepora demonstrated significant family-based differences 493 in physiological response to temperature stress, providing evidence that intraspecific phenotypic 494 variance occurs in natural populations (Meyer et al., 2009) . Moreover, the observed variability in 495 annual growth measurements could also be due to local variations in environmental conditions at 496 the scale of individual colonies. Factors such as irradiance, water flow and colony morphology, 497 for example, have been shown to influence microenvironments immediately surrounding 498 individual coral colonies, and could be expected to alter growth patterns at such small scales 499 (Jimenez, Kühl, Larkum, & Ralph, 2008) . 500
Overall, results of this study suggest that two important reef-building species that are 501 ubiquitous across the FKRT have been able to sustain baseline rates of extension and calcification 502 despite recent bleaching events and chronic ocean warming. This is not to say that corals on the 503 FKRT are necessarily resilient to the current state of environmental change, but it suggests that the 504 local climate may buffer corals from chronic growth declines associated with climate warming, 505 such as those observed on other Caribbean reefs and globally. Moreover, the significant long-term 506 reduction in skeletal density highlights the importance of measuring each component of coral 507 growth to fully understand the past and future trajectories of coral reefs in the modern era of 508 climate change. We posit that declining density may point to the susceptibility of corals to 509 changing carbonate chemistry on the FKRT, and suggest that corals may experience further 510 skeletal weakening in the future. Additional investigation of coral growth trends for other, perhaps 511 more susceptible species, coupled with targeted analysis of environmental correlates is encouraged 512 to provide a more comprehensive understanding of the trajectory of the reef community as a whole. 513
514
ACKNOWLEDGEMENTS 515
Funding for this work was provided by National Science Foundation award OCE-1459522 to 516 KDC. All collections were authorized under Florida Keys National Marine Sanctuaries permit 517 #FKNMS-2015-023, Biscayne National Park permit #BISC-2015-SCI-0007 and John Pennekamp 518
Coral Reef State Park permits #03241525 and #01111626. We thank Clare Fieseler and Colleen 519
Bove for their assistance in the field. We also thank Matt Phillips for his expertise and assistance 520 in CT scanning. Additional supporting information can be found in the online version of this article. 755
Appendix S1 Linear mixed effect model diagnostics for all growth parameters 756 757
Table S1 Geographic coordinates and maximum depth at sampling sites organized by transect 758 and reef zone 759 760 
